In Brief D'Orazi et al. explore the acquisition of stereotypic connectivity during retinal development and after regeneration of identified bipolar cells (BCs) in larval zebrafish. Regenerated BCs attain most, but not all, major features of stereotypic wiring, suggesting that developmental cues that guide circuit assembly are not re-engaged in regeneration.
INTRODUCTION
Most mammalian CNS networks do not spontaneously replace neurons lost due to injury or disease. Techniques to restore neuronal circuitry and function by cell replacement therapy are rapidly advancing, but cell transplantation efforts are still hindered by limitations in neuronal survival and cell migration. Cell replacement therapies have thus recently focused on strategies to induce endogenous production of neurons in situ [1, 2] . For example, regeneration of retinal neurons in mammals can be induced by exogenous stimulation of resident glia after retinal injury [3] . However, progress in this field has fallen short of understanding the ability of regenerated neurons to reinstate their precise synaptic wiring patterns, a fundamental requirement of CNS function.
Here, we capitalized on the regenerative ability of zebrafish [4] and the stereotypic organization of the retina to determine the accuracy of circuit repair after endogenous neuronal repopulation in the damaged CNS. We investigated the circuitry of bipolar cells (BCs), interneurons that receive photoreceptor input at their dendrites in the outer plexiform layer (OPL), and transmit to retinal projection neurons via their axons in the inner plexiform layer (IPL) [5, 6] . BCs are broadly classified according to how they encode changes in illumination: ON BCs depolarize in response to light increments, whereas OFF BCs depolarize in response to light decrements. An individual BC's response is shaped by its expression of specific neurotransmitter receptors and ion channels, and the number and properties of its presynaptic inputs [5, 6] . Zebrafish BCs have five potential presynaptic partners: rod photoreceptors and four cone photoreceptor types, which have peak sensitivity to red, green, UV, or blue wavelengths [7] . Whereas BCs in adult zebrafish form a number of distinct connectivity patterns with photoreceptors [8] , the precise axonal output patterns of these BCs have yet to be fully elucidated.
BCs are the last neurons to differentiate in the vertebrate retina and must integrate into circuits that have already assembled [9] . As such, in both development and in regeneration, BCs face similar challenges in attaining the specific patterns of wiring required for their function. This led us to ask the following: (1) What cellular strategies do BCs employ to assemble their stereotypic connectivity during development, given their late differentiation? (2) Can regenerated BCs access developmental cues to regain their original wiring patterns? The developmental factors that guide BC integration during early retinal stages may not persist into maturity. Further, regenerated BCs are produced from a different progenitor source (Mü ller glia) [10] than BCs generated during early development [4] and thus may not have access to the same intrinsic signals.
To answer these questions, we reconstructed the morphology and connectivity of xfz43 BCs [11] across larval development in zebrafish, and after regeneration of the same cell types. We observed that xfz43 BCs normally acquire their stereotypic connectivity patterns via preferential synaptogenesis with specific partners over time. Selective ablation and regeneration of xfz43 BCs demonstrated that regenerated BCs in general retain the capacity to acquire type-specific morphological features and form synapses at both their dendrites and axons. However, despite being reproduced in situ, regenerated BCs fail to precisely capture their original wiring patterns with photoreceptors. These results suggest that developmental mechanisms that shape specific wiring patterns may not all be accessible to regenerated neuronal populations.
RESULTS

xfz43 Comprises Three BC Types with Characteristic Anatomical and Molecular Features
The xfz43 Gal4 enhancer trap line drives expression of reporter genes in a subpopulation of BCs residing in the central region of the zebrafish retina [11] , which corresponds to tissue generated during larval development. In order to distinguish the morphology of individual BCs in the larval xfz43 line, we labeled a sparse population of cells with fluorescent protein (FP) by injecting pUAS:FP plasmid into the fertilized eggs of xfz43 fish (see Experimental Procedures) ( Figure 1A ). At 20 days post-fertilization (dpf), well after the function of larval retinal circuits is established (3 dpf) [12] , we could identify three xfz43 BC types based on several morphological features ( Figure S1 ).
We observed that BCs in the xfz43 BC population stratified within a thin layer in either the ON or OFF lamina of the IPL (Figure 1A) . The axon terminals of ON xfz43 BCs differentially expressed protein kinase C-alpha (PKC), an enzyme involved in modulating messenger pathways and a marker of ON BCs across species [13] (Figure 1B) . Consequentially, we defined the PKC-positive ON BCs as ON type 1 (ON T1), and the PKCnegative cells as ON type 2 (ON T2) ( Figure 1B ). Cluster analysis of the population data revealed that the ON xfz43 BCs also segregated into two groups by dendritic territory size, as well as by the location of their somata within the inner nuclear layer (INL) ( Figure 1C ; Table S1 ). Further, like the ON xfz43 types, OFF xfz43 BCs showed characteristic dendritic morphologies and somal locations ( Figure 1C ; Table S1 ).
xfz43 BCs Attain Their Mature Morphologies by Progressive Growth To determine how xfz43 BC types acquire their respective dendritic and axonal morphologies during development, we imaged xfz43 fish at 5 and 15 dpf (Figure 2A ). Quantification across cell types and ages demonstrated that the dendritic arbors of the small-field ON T1 BCs reached their mature size by 5 dpf, whereas the arbors of ON T2 and OFF BCs, the large-field BCs, continued to grow after this age ( Figure 2B ). Both ON types expanded their axonal terminals after 5 dpf, but OFF axon terminals remained relatively stable in size from this early age onward ( Figure 2B ). Although fine scale morphological changes may occur in xfz43 BCs prior to FP expression onset in the transgenic line (3 dpf), our observation that the axonal morphologies of these BCs were not refined over time contrasts with previous findings for other BC populations in larval zebrafish [14] .
Stereotypic Patterns of Wiring with Photoreceptors Are Established via Selective Synaptogenesis
In vertebrates, photoreceptor-BC synapses are characterized by the termination of a BC dendritic tip within the photoreceptor Filled, gray ovals depict the groups by which cells were classified as ON T1, ON T2, or OFF types using the K-means clustering algorithm. All measurements were made in 20 dpf xfz43 larvae. See also Figure S1 and Table S1. axon terminal (invaginating contact), or at the terminal base (basal contact) [15] . To establish the cone connectivity maps of each of the xfz43 BC types, we reconstructed their more readily distinguishable invaginating contacts with photoreceptors at 20 dpf (Movie S1; Figures 3A and 3B) . Across vertebrate species, invaginating contacts are generally formed by ON BCs, whereas basal contacts are made by OFF BCs [15] . However, our 3D confocal reconstructions here suggest that the xfz43 OFF type makes invaginating synapses ( Figures 3A and S2A) , and whether or not the OFF xfz43 BCs form basal contacts remains to be elucidated. Each of the xfz43 BC types largely contacted red and green cones ( Figures 3A and 3B ), but also contacted a few UV and blue cones, as well as rods ( Figures S2A and S2B ). Despite xfz43 BCs contacting all photoreceptor types, each BC type exhibits a stereotypic pattern of connectivity with cones ( Figures 3C and 3D ). ON T1 BCs on average contacted a few more red and green cones than UV or blue cones, but they did not exhibit a strong bias for any particular cone type ( Figure S2B ). In contrast, for ON T2 and OFF BCs, connections with red and green cones together accounted for nearly 90% of the invaginating synapses ( Figures 3D and S2C) . Moreover, both of these BC types biased their connectivity toward red cones specifically and allocated their contacts among red and green cones in stereotypic ratios (ON T2 red/ green cone contact: 2.97 ± 0.33 (mean ± SEM), n = 9 cells; OFF red/green cone contact: 2.34 ± 0.53, n = 10 cells) ( Figure 3D ).
It is possible that the distribution of BC dendritic contacts among preferred cone types is constrained by the relative abundance of each cone type. To address this possibility, we quantified the proportion of cones of each type that are present within the BC's dendritic territory of each xfz43 population ( Figure S3 ). We observed that ON T1 BCs contacted nearly all of the red, green, UV, and blue cones within their territory, and OFF BCs contacted all of the available red and green cones. ON T2 BCs similarly synapsed with all red cones within their field, but in contrast only contacted about 60% of the available green cones ( Figure S3 ). Thus, the relative abundances of red and green cones alone could not account for the input bias of ON T2 BCs.
To gain insight into the developmental strategies that xfz43 BCs employ to acquire their stereotypic wiring patterns, we mapped their dendritic connectivity at earlier stages. All three xfz43 BC types increased their total number of contacts with age ( Figure 3C ). ON T1 BCs specifically increased connections with photoreceptors other than red and green cones after 5 dpf ( Figure 3D ). ON T2 and OFF BCs already exhibited a preference for red and green cones over other types by 5 dpf, with red cones receiving the majority of connections (ON T2 red/green cone contact: 1.76 ± 0.34, n = 5 cells; OFF red/green cone contact: 2.57 ± 0.90, n = 6 cells) ( Figure 3D ). Over time, ON T2 and OFF BCs increased contact with red cones, their primary partner type ( Figure 3D) . Surprisingly, neither ON T2 nor OFF BCs gained additional contacts with their secondary partner, green cones, despite increasing contact with other partner types ( Figure 3D ). At least some of the late-formed contacts of xfz43 BCs could be with rods ( Figure S2A ), because unlike cones [16] , rods are generated continuously in central retina [17] . Together, these results led us to conclude that xfz43 BCs do not uniformly increase their number of contacts with each partner cone type. Instead, each BC type preferentially gains synapses with select cone types over time.
xfz43 BCs Regenerate within Days of Cell-Specific Ablation Neuronal differentiation is complete by 74 hr post-fertilization in the zebrafish retina [9] , with the exception of the addition of rods, and visually guided behaviors are already exhibited by 5 dpf [12] . In order to determine the capacity of regenerated xfz43 BCs to integrate into an established network, we selectively ablated these BCs after 5 dpf using a genetically targeted approach [18] . The bacterial enzyme, Nitroreductase (NTR; nfsB), converts its prodrug metronidazole (Met) [19] into a metabolite that is toxic to NTR-expressing cells [18] . Multiphoton time-lapse imaging of Figure 4A ). Also, there were no obvious bystander effects on the cone photoreceptors after Met application in xfz43 larvae; the morphology, mosaic distribution, and population densities of each cone type appeared normal at 12 dpf, 5 days post-ablation (5 dpa) ( Figure 4B ). Ultrastructural analysis further indicated that the fine structure of the cone synapses in Met-treated xfz43 fish was intact; presynaptic ribbons localized opposite to the invaginating processes of remaining BCs despite the loss of xfz43 BC postsynaptic partners ( Figure 4C ). Thus, xfz43 BC ablation does not disrupt the structural arrangements of other BCs or the presynaptic cone photoreceptors in ways that would obviously interfere with the integration of new cells into the environment.
Although Met treatment was effective, ablation of the xfz43 population was not complete. Therefore, to unequivocally identify the regenerated cohort of xfz43 BCs, we labeled newly generated cells by exposing Met-treated animals to (2 0 S)-2 0 -deoxy-2 0 -fluoro-5-ethynyluridine (EdU) following the ablation period. Previous studies of inner retinal regeneration suggest that cell proliferation peaks within 3-4 days of cell death [20, 21] . As such, we exposed Met-treated and control xfz43 larvae to EdU between 9 and 12 dpf (2-5 dpa), and imaged at 20 dpf (13 dpa). The lack of EdU labeling in the INL of control, untreated animals confirmed that BC genesis does not occur in undamaged retinas between 9 and 12 dpf ( Figure 5A ). In contrast, EdU-positive xfz43 BCs were evident in Met-treated larvae, demonstrating that these cells regenerated after selective ablation ( Figure 5A ). But, at least by 13 dpa, the xfz43 BC population density had not recovered fully (control BC density: 37.7 ± 3.3 cells per 1,000 mm 2 , n = 4 retinas; Met-treated BC density:
6.2 ± 0.8 cells per 1,000 mm 2 , n = 6 retinas; p = 0.01 WilcoxonMann-Whitney rank-sum test). Further, exposing Met-treated animals to EdU at a later stage, from 5 to 8 dpa, revealed that very few additional BCs are generated past 5 dpa ( Figures S4A  and S4B ). MCerulean) before and after cell ablation at 7 dpf. Larvae were imaged immediately prior to Met immersion, at 0 days post ablation (dpa), and after treatment, at 2 dpa. Vsx1 labels a population of BCs that includes a subset of xfz43 OFF BCs (arrow, inset). EdU also incorporated in the outer nuclear layer (ONL) of both control and Met-treated animals after EdU immersion from 2 to 5 dpa ( Figure 5A ). Transgenic labeling of the rod population in control animals confirmed that the EdU-positive cells in the ONL were late-generated rods ( Figure S4C ). Rod genesis is likely ongoing in Met-treated xfz43 animals as well, but we also found evidence that xfz43 ablation triggers production of new cones ( Figure S4C ). Quantification showed that the addition of new cones after BC ablation did not significantly alter the population densities of red and green cones by 13 dpa ( Figure S4D ).
Regenerated BCs Largely Establish Type-Specific Morphological Organization
We found that virtually all of the regenerated BCs were polarized and stratified their neurites in the appropriate plexiform layers ( Figure 5A) . Further, the axons of PKC-positive BCs from Met-treated retinas ramified exclusively in the ON sublamina, as in controls ( Figure S5A ). Nonetheless, regenerated BCs occasionally showed atypical morphology. A subset of the cells made unusual axonal trajectories toward the IPL (<10% of 60 BCs imaged), whereas others mislocalized their somata to the ONL (20% of BCs imaged) ( Figure 5B ). We also observed dendritic abnormalities, including asymmetric dendritic projections within the OPL, as well as arbors with sparse branching (20% of BCs imaged for each measure; Figure 5C , cf. Figure 2A ). Regenerated cells with unusual morphologies thus represented the minority of the population; overall, regenerated xfz43 BCs exhibit the basic characteristics of a BC. We then investigated whether the regenerated BCs attained type-specific characteristics. As in the original cohort, only a subset of the ON xfz43 BCs expressed PKC ( Figure S5B) . Moreover, based on morphological features alone, regenerated BCs clustered into three groups, resembling those of ON T1, ON T2, and OFF xfz43 BCs in controls ( Figure S5C , cf. Figure 1C) . Direct comparisons of age-matched control and regenerated BCs from each group demonstrated that xfz43 BCs precisely target their axons and somata to the IPL or INL locations appropriate for their type ( Figure 5D ). Thus, each of the three distinct xfz43 BC types is regenerated following elimination of their original populations.
The dendritic and axonal arbors of the regenerated BCs elaborated to sizes comparable to, or in some cases greater than those of mature BCs in control animals ( Figure 5D ). The dendritic and axonal arbors of regenerated ON T1 BCs were almost twice as large as those of the cohort from age-matched controls (Figure 5D) . The axon terminals of ON T2 BCs were slightly larger in the regenerated population, but there was no significant difference in their dendritic arbor size compared to controls. However, both the axons and dendritic arbors of OFF xfz43 BCs were comparable in the regenerated and control populations. Thus, all three xfz43 BC types largely attain their original morphologies upon regeneration, but show type-specific differences in whether their arbor sizes matched that of the original populations. (A) Maximum-intensity projections of whole-mount retinas from 20 dpf (13 dpa) control and Met-treated xfz43 fish in which mitotic cells were labeled by EdU application from 9 to 12 dpf (2-5 dpa). The dense ring of EdU-positive cells at the peripheral retina demarcates cells generated in the ciliary marginal zone, a region of ongoing proliferation [4] . Asterisks in side views mark xfz43 BCs that incorporated EdU; arrowheads mark EdU-positive cells in the outer nuclear layer (ONL). (B) Examples of regenerated xfz43 BCs with abnormal axon trajectories (cell 1), or mislocalized somata (cell 2). (C) Examples of regenerated xfz43 BCs with abnormal dendritic phenotypes; cell 1 has an asymmetric arbor relative to the cell body, cell 2 shows an unusually sparse dendritic arbor. In (B) and (C), side views are orthogonal rotations of the image stack acquired from the whole-mount retina. Top views are the maximumintensity projections of the cell somata and their dendrites tilted slightly relative to the z axis of the image stack, in order to illustrate the dendritic arbor, the primary dendrite, and the cell body, where possible. (D) Quantification of regenerated (R, red) and survivor (S, cyan) xfz43 BC morphology. Cell types were classified using a combination of at least two morphological features: whether the BC stratified in ON or OFF IPL layers, dendritic territory size, and/or PKC expression. Plots show the population mean compared with control (C, gray) data. Open circles represent individual cells, with the number of cells analyzed shown in parentheses. Error bars, ±SEM. *p < 0.05, **p < 0.01, ***p < 0.001; WilcoxonMann-Whitney rank-sum test. All measurements were made in 20 dpf (13 dpa) larvae. See also Figures S1, S4 , and S5.
We wondered whether BCs that survived Met treatment similarly remodeled their synaptic territory sizes after cell loss. To address this, we first determined whether xfz43 BCs are generated at even later stages than previously tested, i.e., from 7 dpa on. EdU treatment of ablated xfz43 larvae from 7 to 13 dpa labeled, at most, two xfz43 BCs per retina (density of EdU-positive xfz43 BCs: 0.38 ± 0.26 cells/10,000 mm 2 , n = 7 retinas). As such, the BCs that did not incorporate EdU between 1 and 7 dpa likely survived Met treatment. We subsequently labeled individual xfz43 BCs with MYFP via plasmid injection in xfz43 embryos, and treated these fish with Met, followed by EdU from 1 to 7 dpa. Analysis of EdU-negative xfz43 BCs at 13 dpa revealed that, in contrast to their regenerated counterparts, surviving ON T1 and OFFS did not alter their dendritic and axonal territory sizes ( Figure 5D ). However, surviving ON T2 BCs did expand their axonal arbors, and even more so than the regenerated population (p = 0.02, Wilcoxon-Mann-Whitney rank-sum test) ( Figure 5D ). Thus, the plasticity of a given BC type may vary under different conditions, whether in response to the loss of neighboring cells, or while re-integrating into a mature circuit after regenerating.
Regenerated BCs Capture Most, but Not All, Features of Their Synaptic Wiring Patterns
We next determined whether or not regenerated BCs made synapses and were able to re-establish their original stereotypic patterns of connectivity. BCs form specialized ribbon synapses in the IPL, which can be visualized by immunolabeling for Ribeye A ( Figure 6A ), a major component protein of these presynaptic structures [22] . Ribeye A was present in the axon terminals of regenerated xfz43 BCs of all three types, as in age-matched controls ( Figure 6A) . But, the terminals of each BC type contained on average a higher total number of ribbons upon regeneration ( Figure 6B ). Further, ribbon density increased for regenerated OFF BCs when compared to cells from age-matched controls ( Figure 6B ). As such, regenerated BCs develop presynaptic specializations upon regeneration, but there may be an overabundance of contact with their postsynaptic partners.
Assessing the precision of regenerated xfz43 BC rewiring was more tractable for their dendritic connections with cones. We focused on ON T2 and OFF BCs to determine whether cells showing biased connectivity with specific cone types maintain these preferences upon regeneration. We found that regenerated cells of both types formed invaginating dendritic tips into cone axons ( Figure 7A) and made approximately the same total number and density of cone contacts as their counterparts in age-matched controls ( Figure 7B ). Compared to controls, ON T2 BCs increased connectivity with all partner types except for red cones, and OFF BCs increased contact with the leastpreferred (''other'') photoreceptors types ( Figure 7C ). Furthermore, ON T2 and OFF cells failed to contact all of the available red cones during regeneration ( Figure 7D ). These outcomes resulted in an altered distribution of contacts among partner types ( Figures 7C and 7E) . Regenerated ON T2 BCs maintained a preference for red cones ( Figure 7E ), but the extent of their bias toward red cones was reduced upon regeneration, as they contacted only approximately one and a half red cones: one green cone instead of about 3:1 (p = 0.003, Wilcoxon-Mann-Whitney rank-sum test) ( Figure 7C ). The proportion of connections that regenerated OFF cells made with red cones, green cones, and others were approximately equal ( Figure 7E ), suggesting that their bias for red cones was highly diminished.
DISCUSSION
Differentiation of Regenerated BCs
The morphologies of regenerated xfz43 BCs largely matched those of the original populations; however, not all regenerating BCs were normal in appearance. Some cells had larger neurite arbors, which may be due to a decrease in homotypic repulsion between BCs of the same type [23] . Indeed, xfz43 BC types do not fully recover their population densities after regeneration.
However, the majority of xfz43 BCs that survived did not remodel their arbors upon loss of homotypic neighbors. These observations together suggest that in general, regenerating BCs may be more plastic than BCs that have already established their territories during development. Alternatively, because BCs regenerate within days of their ablation, survivors may not have sufficient time to respond to the loss of homotypic neighbors.
Regenerated BCs appear to re-adopt their appropriate molecular identities, despite being produced from a different progenitor (E) Pie charts show the mean proportion of the total contact number that was made with red cones, green cones, or other photoreceptors for control and regenerated BC populations. The contact distributions of regenerated cells of both types differed from those of control populations (ON T2: p < 0.0001; OFF: p = 0.0002, chi-square test). Regenerated ON T2 BCs still made a higher proportion of contacts with red cones compared to green cones (p = 0.02, chi-square test), and a higher proportion of contacts with green cones compared to others (p = 0.002, chi-square test). The distribution of contacts among distinct partner types did not significantly differ for regenerated OFF BCs (p > 0.05, chi-square test). Open circles represent individual cells, with the number of cells analyzed shown in parentheses. Error bars, ±SEM. All measurements were made in 20 dpf (13 dpa) larvae. See also Movie S1.
source than that in early development. Regenerated cells in the zebrafish telencephalon [24, 25] and spinal cord [26] [27] [28] similarly can acquire type-specific molecular characteristics but are sometimes derived from radial glia that also participate in initial neurogenesis [2, 29] . The ability of regenerated BCs to target and elaborate within the appropriate synaptic layers with sublaminar precision further suggests that environmental cues directing neurite outgrowth are maintained in the mature CNS. Additional support for this hypothesis comes from studies in other brain regions of mice and zebrafish, in which the long-range axons of transplanted or regenerated neurons target correct areas [25, [30] [31] [32] . Mistargeting has also been observed [31, 33] , suggesting that although developmental guidance cues likely persist, they may be variably accessible to newborn neurons in mature environments. Future experiments comparing the molecular profiles of early and late-born cells of the same type would be highly informative for distinguishing between key changes in extrinsic cues and differences in intrinsic properties.
Acquisition of Biased Photoreceptor Connectivity during BC Development
Presynaptic partner selection is especially demanding for the retinal neurons that synapse in the outer retina, because their dendrites must select from several potential photoreceptor partners that intermingle within a single lamina. Unlike horizontal cells [34, 35] , xfz43 BCs are not strictly exclusive in their photoreceptor partner choices, because they synapse with each of the photoreceptor types. The connectivity of xfz43 BCs is not random, however, because these cells allocate their synapses among photoreceptor partners differentially. How do xfz43 BCs bias their synaptic connectivity toward a single or subset of cone types? A common developmental mechanism that shapes the stereotypic wiring of a neuron is the elimination of surplus synapses, or of contacts with inappropriate partner types [36, 37] . This does not appear to occur for xfz43 BCs, which showed no loss of synapses with any partner type over time, but instead preferentially increased synaptogenesis with their primary synaptic partner(s). Such preferential synaptogenesis was also observed during the later developmental stages of the zebrafish the H3 horizontal cell [34] but was preceded by a period of synapse pruning with inappropriate partners. Analysis at stages prior to vision onset will be necessary to determine whether or not, like H3 horizontal cells, BCs eliminate errant synapses before engaging in preferential synaptogenesis.
It may be that the distribution of xfz43 BC synapses among partner types is shaped solely by the relative abundance of different cones types. Each of the cone photoreceptor populations is stable after cone genesis; the loss or addition of different cone types cannot account for xfz43 BC preferential synaptogenesis over time. Although each cone type is uniformly distributed across the larval retina, the relative density of each cone type differs, forming a hierarchy of cell densities: red > green UV > blue cones [38, 39] . Thus, the availability of red and green cones alone could conceivably account for the number of each of these partner types that ON T1 and OFF BC synapse with at maturity, as both contact all of the red and green cones in the vicinity of their dendritic arbors. In contrast, ON T2 BCs do not contact all of their potential green cone partners. Manipulations of cone numbers previously demonstrated that H3 horizontal cells attain synaptic bias toward one cone type by employing a heterosynaptic mechanism; synaptogenesis with the primary input type suppressed synapse formation with the secondary input [34] . It is therefore possible that for ON T2 BCs, contact with red cones suppresses synaptogenesis with green cones. In the future, manipulations of the relative availability of red and green cones during development could confirm whether heterosynaptic control of synaptogenesis is at play in BC circuit assembly.
Recapturing Specific Synaptic Patterns in Regeneration
Our current study shows that replacement neurons are able to form synapses with mature circuitry, an observation previously made in other CNS systems after damage [24-26, 30, 32, 33, 40-44] . Further, we found that although regenerated xfz43 BCs establish their original numbers of input synapses, the axons of all three BC types doubled their number of ribbons. For the ON BCs, increased ribbon formation may simply correspond to the larger axonal territories of the regenerated population, which likely bring the axonal processes in proximity to additional postsynaptic partners. Indeed, in mice the loss of homotypic neighbors causes BC axons to take over the synaptic territory of ablated BCs that share the same postsynaptic partner [45] . Regenerated BCs may be able to form connections with appropriate partners because their axons stratify within the sublamina characteristic of their type. But, this does not exclude the possibility that regenerated BCs also contact novel partners that intermingle in the same sublamina. The increase in ribbons may alternatively be due to an alteration in BC transmission. It was previously demonstrated that hyperactive BCs form an excess of excitatory synapses with retinal ganglion cells (RGCs) in mice [46] . If the activity of regenerated BCs is modified, it would further suggest that regenerated synapses with intact cones may be dysfunctional, or that the physiology of regenerated BC circuitry overall is disrupted, despite physical reconnection.
Visualizing ON T2 and OFF BCs together with their preferred presynaptic partners enabled us to resolve whether mechanisms that guide input partner preference and synapse allocation persist in regeneration. Regenerated ON T2 and OFF BCs alike still contact red and green cones, suggesting that signals to facilitate synaptogenesis with these partner types are accessible. Overall, regenerated BCs regained the stereotypic numbers of synapses with photoreceptors that are characteristic of their original populations. Similar observations were made of transplanted Purkinje cells after grafting cerebellar primordia in the damaged adult CNS. It was further revealed that the donor cells were contacted by the appropriate number of afferents after a period of synaptic refinement, as observed during normal development [47, 48] . In contrast, ON T2 and OFF xfz43 BC types do not preferentially increase synaptogenesis with red cones over other cone types during regeneration. Thus, the regenerating BCs do not appear to re-deploy the developmental strategy that they would normally undertake to attain their unequal distribution of synapses among their contact partners. It is unlikely that regenerated BC wiring is altered simply because the BCs had not yet fully matured at the time of analysis; the distributions of contacts among photoreceptor types do not resemble those of immature xfz43 BCs, and regenerated BCs are otherwise morphologically mature. Thus, there may be separate mechanisms that regulate the total number of synapses made between BCs and photoreceptors, and that govern the distribution of these synapses across photoreceptor types.
We observed that both regenerated ON T2 and OFF BCs increased their number of minor (non-red cone, non-green cone) contacts, and ON T2 BCs also synapsed with more green cones compared to controls. In the H3 horizontal cell circuit, suppression of synaptogenesis with the secondary partner depends upon the activity of the primary input. If red cones similarly influence xfz43 BC contacts with other input types, it could imply that transmission from red cones onto regenerated BCs may be dysfunctional, or that mature red cones do not induce the same suppressive effect as at immature ages. Another consideration is that production of rods increases with maturation [17] , giving the regenerating BCs greater opportunity to contact this minor partner type than during development. The consequences of rewiring into a different pool of potential inputs in the mature CNS may introduce an additional hurdle for regenerating neurons to precisely recapture their original connectivity patterns.
In conclusion, the fact that regenerated BCs can synaptically ''plug in'' at both their dendrites and axons suggests that these cells likely achieve functional integration in the retina. However, because stereotypic synaptic distributions do not appear to be re-established, regenerated BCs may exhibit visual response properties that do not resemble those of the original population. Moreover, our observations suggest that developmental strategies are not perfectly re-engaged in retinal regeneration. Our findings underscore that replacement neurons, although generated endogenously, do not necessarily have access to developmental cues that would readily facilitate completion of the final steps in circuit repair.
EXPERIMENTAL PROCEDURES Transgenic Zebrafish
All procedures were conducted in accordance with University of Washington Institutional Animal Care and Use Committee guidelines. Embryonic and larval fish were raised at 28 C in a room with a normal light cycle, lights on from 9:00 to 23:00. Zebrafish larvae were euthanized by MS-222 (Sigma A5040) overdose (200-500 mg/l). See Supplemental Experimental Procedures for details on transgenic lines used.
Plasmid Injection
To visualize individual BCs, we injected pUAS:MYFP or pUAS:MmTFP1myc [44] into single-cell stage embryos from the xfz43 line. To track the same retinal areas across ages for live imaging, we injected pCrx:MYFP [39] into single-cell embryos from xfz43 fish crossed with the Vsx1 line (see Supplemental Experimental Procedures). Plasmid was diluted in 13 Danieau's solution to a concentration of 50 ng/ml. Plasmid solution was loaded into a pulled-glass micropipette, mounted to a micromanipulator (Narishige), and pressure-injected via attachment to a Picospritzer II (Parker). Injections were made at 10 psi for durations from 100 to 200 ms.
Selective Cell Ablation xfz43 larvae were immersed in metronidazole (Met) solution (10 mM Met in system water containing 0.2% DMSO) at 7 dpf for 20-24 hr to ablate NTR-expressing BCs. Larvae were fed regularly, washed in clean system water at the end of treatment, and raised normally.
EdU Treatment
Mitotic cells were labeled in live larvae by immersion in a solution containing 0.5 mM F-ara-EdU [44] (Sigma T511293) in system water. The duration of treatment was timed according to the experimental paradigm. Half the solution volume was replaced every other day. See Supplemental Experimental Procedures for EdU labeling details.
Immunohistochemistry
After euthanasia, larvae were fixed in a solution of 4% paraformaldehyde and 3% sucrose in 0.1 M PBS (pH 7.4) at room temperature, and retinas were dissected out within 1-3 days. Fixed, whole retinas were blocked in PBS containing 5% normal donkey serum and 0.5% Triton X-100 for 1-4 hr at room temperature. Tissue was incubated in primary antibody in blocking solution for 1-5 days at 4 C. After three washes in 0.5% Triton X-100 in PBS, samples were incubated in secondary antibody solution for 1 day at 4 C, followed by nuclear or actin staining for 1 hr at room temperature. Samples were washed three times in PBS, mounted in 0.7% agarose, and coverslipped in Vectashield (Vector Labs). See Experimental Procedures for details on nuclear and actin staining, as well as on the antibodies used.
Confocal Image Acquisition
Image stacks were acquired on a confocal microscope (Olympus FV1000 or Leica TCS SP8) using a 1. 
Image Analysis
Image stacks were median filtered in Fiji (NIH) [49] . Maximum-intensity projections were generated in Amira (FEI). 3D image reconstructions were digitally sliced using the Amira slice functions. All measurements were made in Fiji. 
